In Schizosaccharomyces pombe, ribosomal protein gene (RPG) promoters contain a TATA box analog, the HomolD box, which is bound by the Rrn7 protein. Despite the importance of ribosome biogenesis for cell survival, the mechanisms underlying RPG transcription remain unknown. In this study, we found that components of the RNA polymerase II (RNAPII) system, consisting of the initiation or general transcription factors (GTFs) TFIIA, IIB, IIE, TATA-binding protein (TBP) and the RNAPII holoenzyme, interacted directly with Rrn7 in vitro, and were able to form a preinitiation complex (PIC) on the HomolD box. PIC complex formation follows an ordered pathway on these promoters. The GTFs and RNAPII can also be cross-linked to HomolD-containing promoters in vivo. In an in vitro reconstituted transcription system, RNAPII components and Rrn7 were necessary for HomolDdirected transcription. The Mediator complex was required for basal transcription from those promoters in whole cell extract (WCE). The Med17 subunit of Mediator also can be cross-linked to the promoter region of HomolD-containing promoters in vivo, suggesting the presence of the Mediator complex on HomolD box-containing promoters. Together, these data show that components of the RNAPII machinery and Rrn7 participate in the PIC assembly on the HomolD box, thereby directing RPG transcription.
Introduction
Eukaryotes ranging from yeast to humans possess three classes of nuclear RNAPs (RNAPI, II and III), each of which consists of multiple subunits. Plants have two additional RNAPs (RNAPIV and V) responsible for gene silencing [1] . Each class of RNAP has a different number of subunits related to its degree of specialization and interactions with various auxiliary transcription factors. In fission yeast, RNAPI has 14 subunits, RNA polymerase II (RNAPII) has 12, and RNAPIII has 17 [2] . Four subunits of RNAPII (Rpb1, 2, 3 and 11) assemble as the catalytic core, whereas five (Rpb5, 6, 8, 10 and 12) are shared between RNAPI, RNAPII and RNAPIII. The three other subunits (Rpb4, 7 and 9) are specific for RNAPII [2] . RNAPII is specialized in transcription of protein coding genes, and is also responsible for synthesizing small nuclear RNAs (snRNA) and micro-RNAs (miRNA). To initiate transcription RNAPII associates with several initiation or general transcription factors (GTFs), forming together the basal transcription machinery (RNAPII + GTFs) that is recruited to the promoters [3] . Several studies with recombinant or highly purified GTFs have demonstrated that RNAPII (12-subunit core enzyme) and the initiation factors TFIIA, TFIIB, TATA-binding protein (TBP), TFIIE, TFIIF and TFIIH are necessary and sufficient to form a preinitiation complex (PIC) on TATA-containing promoters. PIC initiates basal levels of transcription (activatorindependent) when the four ribonucleotide triphosphates are added to the reaction mix [3] . RNAPII can be also isolated from cell extracts with the multisubunit Mediator complex (RNAPII holoenzyme), which is required for transcriptional activation (activatordependent) in reconstituted systems (RS) [4] [5] [6] .
RNAPII core promoters consist of one or more core promoter elements (CPEs), such as X core promoter element 1 and 2 (XCPE1/2), downstream promoter element (DPE), downstream core element (DCE), TFIIB recognition element (BRE), motif ten element (MTE), the initiator element (Inr), and the TATA box [7] . The TATA box was the first of these elements to be discovered, and is the best studied to date. This sequence was initially recognized and bound by TBP, which, together with TBP-associated factors (TAFs), form a large complex called TFIID [8] . This complex in turn recruits TFIIA, which strengthens the binding of TBP, and TFIIB, which promotes recruitment of RNAPII-TFIIF to the promoter, followed by the binding of TFIIE and TFIIH [3] ; the latter factor possess ATP-dependent helicase activity and phosphorylates the C-terminal domain (CTD) of RNAPII allowing the enzyme to elongate the nascent transcript [2, 9] . In fission yeast, the CTD is part of subunit Rbp1 [2] . The GTFs and RNAPII assembled on the promoter form the PIC, which can start transcription in the presence of the four ribonucleotides [3] . Following the discovery of new CPEs, eukaryotic promoters became to be classified as TATA-containing or TATA-less promoters. It is interesting to state here that in humans and mice the prevalence of TATA-less promoters is 90% [10] .
In the fission yeast Schizosaccharomyces pombe, a model organism widely used for studies of eukaryotic transcription, a novel TATA-less promoter was described. This promoter is present in 140 of 141 ribosomal protein genes (RPGs) and 59 other genes [11] . The promoter contains a CPE, the HomolD box, whose consensus sequence is CAGTCACA. The HomolD box is found 50-80 bp upstream of the ATG start codon, where the TATA box usually resides [12] . It has been shown that the HomolD box is able to mediate transcription initiation in vivo and in vitro and also is able to determine the start site of transcription, thus functioning as a TATA analog in a core promoter [12, 13] . This CPE is also found in a small number of human promoters and has been shown to direct transcription in vitro [14] . The HomolD box seems to be present in other animal species such as Drosophila, and in plants (rice, soya; Eukaryotic Promoter Database).
In fission yeast, some of these HomolD promoters contain another element, the HomolE box, with the consensus sequence AGGGTAGGGT. The HomolE box acts as an upstream activator sequence (UAS), similar to enhancers in metazoans [15] . However, the protein that binds to it has not been identified yet.
The HomolD box is the target of Rrn7, a DNAbinding protein with biochemical features distinct from those of TBP [12] . Rrn7 was previously characterized as a component of the RNAPI transcriptional system [13, 16] . HomolD box-containing promoters are transcribed by RNAPII as revealed by two observations: in vitro transcription of the RPG rpK5 of S. pombe is abolished by a-amanitin. And in addition to Rrn7, the GTFs TFIID, TFIIB, TFIIF, TFIIH and TFIIE are required for transcription in whole cell extracts (WCE) [13] . Also, if Rrn7 was cross-linked to chromatin and immunoprecipitated, the promoter region of the rpK5 gene was precipitated [13] . Thus, HomolD box-directed transcription is carried out by RNAPII and the GTFs of the basal machinery. Rrn7, which belongs to the TFIIB family of transcription factors, has two cyclin domains at the C terminus and a zinc ribbon at the N terminus [16] . The mammalian ortholog of Rrn7, TAF1B, is required for transcription of ribosomal DNA (rDNA) genes [16, 17] .
Recent work showed that S. pombe Rrn7 is regulated by the protein casein kinase 2 (CK2). CK2-mediated phosphorylation of residue T67 of Rrn7 inhibits its HomolD box-directed transcriptional activity and its ability to bind the HomolD box in vitro. Additionally, inhibition of CK2 both in vivo and in vitro potentiates RPG transcription [18] .
Despite these recent discoveries, many of the mechanistic details of transcription initiation at TATA-less HomolD box-containing promoters remain to be elucidated. In this study, we analyzed the interactions between Rrn7 and the components of the basal transcription machinery. Our results revealed that most of these components, i.e., TFIIA, TFIIB, TFIIE, TBP and RNAPII holoenzyme interact directly with Rrn7. We demonstrated, in vitro and in vivo, that these components are part of the PIC formed on the HomolD box, which directs the RNAP II-dependent transcription of RPGs in S. pombe. We also determined the order in which the components join the PIC. Additionally, ChIP assays revealed the presence of these factors not only in HomolD box-containing promoters, but also in a HomolE + HomolD boxcontaining promoter. Mediator, a known coactivator of transcriptional activation, also participates in the PIC in vivo, suggesting the involvement of this complex in the transcription of both HomolD and HomolE + HomoD box-containing promoters. The Mediator complex appears also to be required for basal transcription of RPGs promoters in WCE. Finally, using in vitro reconstituted transcription assays, we showed that the GTFs TBP, TFIIB, TFIIE and TFIIF, in addition to Rrn7 and RNAPII, are required for transcription from HomolD box-containing promoters. Together, these results bring us one step closer to understanding the process of transcription initiation in HomolD promoters. This information is important not only to understand the mechanism of transcription initiation of RPG promoters, but also particularly to understand the mechanism of transcription initiation of TATA-less promoters in general.
Results
Rrn7 interacts with the RNAPII holoenzyme, TBP, TFIIA, TFIIB and TFIIE As shown previously, the RNAPII machinery is needed for in vitro transcription from a HomolD boxcontaining promoter, but we do not yet know the composition of the PIC on the HomolD box [13] . To identify the PIC, we first studied the in vitro proteinprotein interactions between Rrn7 and the GTFs as well as interactions between Rrn7 and RNAPII. For this purpose, we initially searched for predicted interactions using the Pombe Interactome (Pint: www.bahle rlab.info/PInt, [19] ) and found out that all GTFs and RNAPII subunits (Rbp1, 3, 4, 9 and 11) were predicted to interact with Rrn7 (RF and SVM scores > 0.5). To empirically validate these predictions, we first investigated whether Rrn7 associated in vitro with the GTFs or with RNAPII itself. To this end, we carried out pull-down assays using recombinant GSTtagged Rrn7 immobilized on a glutathione-agarose resin and incubated it with each of the recombinant holo GTFs or its individual subunits or with RNAPII holo and core enzymes. The eluates were analyzed by western blotting.
With this approach, we found that TFIIA and TFIIE, which were assembled as holofactors from individual subunits and then incubated with Rrn7-GST, were able to interact in vitro with Rrn7 (Fig. 1A) . The interaction was mediated by the c subunit of TFIIA (Fig. 1B) , however, we did not detect any interaction with the a/b subunit. TFIIE also interacted with the factor Rrn7, specifically via its a subunit (Fig. 1C) . TFIIB and TBP also showed interactions with Rrn7-GST (Fig. 1D) . Neither TFIIF nor TFIIH interacted with GST-Rrn7 in vitro (Fig. 1A) . In the case of RNAPII, the holoenzyme exhibited an interaction with Rrn7, whereas the 12-subunit core enzyme did not (Fig. 1E ). This result indicates that RNAPII holoenzyme interacts with Rrn7 through the Mediator complex. The resin contained similar amounts of GST or GST-Rrn7 (Fig. 1F) .
To evaluate these interactions in fission yeast, we performed coimmunoprecipitation assays using a protein fraction containing Rrn7 and GTFs from a Rrn7-TAP tagged strain and immunoprecipitated the protein fraction with IgG-Sepharose beads (Experimental procedures). The immunoprecipitates were analyzed by western blotting using antibodies against the indicated GTFs. TBP, TFIIB and TFIIE were detected in the precipitated material (Fig. 1G) , whereas TFIIF and TFIIH were not (Fig. 1G bottom) . Moreover, with this approach, we did not observe an interaction with either the 12-subunit RNAPII core or holoenzyme (data not shown). Although, the protein fractions used to detect interactions were free of any contaminating DNA, there was still the possibility that those interactions were held through DNA. To completely rule out this possibility, we carried out the immunoprecipitation in the presence of ethidium bromide, which is able to disrupt protein-DNA interactions. The results are presented in Fig. 1H . It can be seen that the interactions were not disrupted by ethidium bromide. These results confirm that TBP, TFIIB and TFIIE can interact directly with Rrn7 both in vitro and in cell extracts from fission yeast, suggesting that these GTFs could be part of the PIC established on the HomolD box.
The PIC formed over the HomolD box is an ordered stepwise assembly of the factors and RNAPII
To characterize the PIC formed on the HomolD box, and to evaluate protein-protein interaction in the context of the HomolD sequence, we performed EMSAs using purified recombinant S. pombe GTFs, Rrn7, and core RNAPII. The promoter region of the rpK5 gene, which contains the HomolD box, was radioactively labeled and used as a probe. Because TBP and TFIIB can initiate the PIC assembly on TATA-containing promoters, we first investigated whether these interactions also occurred on the HomolD box, and whether the presence of these two factors affected DNA binding by Rrn7. Both TBP and TFIIB improved the binding of Rrn7 to the promoter when poly(deoxyinosinicdeoxycytidylic) acid [poly (dI-dC)] was used as nonspecific competitor ( Fig. 2A,B) . A slower migrating complex can be visualized in those EMSAs. We labeled that complex as DRrn7, since it seems to be the product of the binding of a proteolyzed form of full-length Rrn7, which is found in trace amounts in the preparations of recombinant Rrn7 [18] . However, discrete complexes were not formed in those assays using poly(dI-dC) as a nonspecific competitor. Instead, when TBP and TFIIB were added together to the Rrn7-HomolD complex a smear was obtained (data not shown). Therefore, we used poly(deoxyguanylic- (E) Interaction of Rrn7 with the RNAPII holoenzyme and RNAPII 12-subunit core enzyme, detected using antibody against RNAPII CTD YSPTSPS repeats. (F) SDS/PAGE of GST and GST-Rrn7 used for the pull-down assays. In those lanes, 10 pmol of each factor was loaded and the gel was Coomassie Blue R-250 stained. (G) Phosphocellulose protein bound fraction from wild-type or Rrn7-TAP tagged strains were immunoprecipitated with IgG-Sepharose and analyzed by western blot using rabbit polyclonal antibodies against each GTF (TFIIB, TBP, TFIIE, TFIIF and TFIIH). As a control, 1/10 of the input was loaded in those lanes labeled as input. IP, immunoprecipitation; WT, wild-type; WB, western blot. (H) Immunoprecipitation of the phosphocellulose protein bound fraction in the presence of Ethidium Bromide and detected by western blot analysis using antibodies against TFIIE, TFIIB and TBP. Analysis was done as indicated in F, except that 100 lgÁmL À1 of ethidium bromide was added to the input in those lanes labeled as +EtBr.
deoxycytidylic) acid [poly(dG-dC)] as nonspecific competitor for the binding assays. Under these conditions, neither TFIIB nor TBP stimulated the binding of Rrn7 to the HomolD box (data not shown). However, when TBP was added in increasing amounts to a reaction containing Rrn7 and TFIIB, the components formed a discrete and higher molecular weight complex with the Rrn7-HomolD box (data not shown). Also, when increasing amounts of TFIIB were added in the presence of Rrn7 and TBP, the same complex was formed (data not shown). The binding was specific for the HomolD box, since a complex was not observed when TBP and TFIIB were added together in the absence of Rrn7 (Fig. 3A , lane 1). When recombinant TFIIA, which also interacted with Rrn7 in vitro, was added to the TBP-Rrn7-HomolD complex, a strong higher molecular weight complex was formed (Fig. 3A , lane 4); likewise, an even larger complex formed when Rrn7, TBP, TFIIA and TFIIB were mixed (Fig. 3A , lane 6). Isolated renatured subunits of TFIIA by themselves were not able to form a distinct complex (data not shown). These results are indubitably due to the association of these GTFs with the protein Rrn7 bound to the HomolD box. As can be seen, they did not exhibit any binding activity towards the HomolD box when Rrn7 was absent ( After observing complex formation between TBP, TFIIB and Rrn7 on a HomolD box-containing probe, we investigated next the behavior of RNAPII core enzyme and the other GTFs, namely TFIIE and TFIIF. Since RNAPII together with TFIIF can enter the PIC on TATA-containing promoters, we added both to the preformed complex. The addition of TFIIF and RNAPII to the TBP-TFIIB-Rrn7-HomolD complex produced a new complex (Fig. 3B , lanes 3-6), and an even larger complex was formed when TFIIE was added (Fig. 3B, lanes 7-10) . Addition of core RNAPII, in the absence of TFIIF, did not produce a new complex (Fig. 3C, lane 7) . Neither the addition of TFIIF and TFIIE to the TBP-TFIIBRrn7-HomolD complex changes its mobility (Fig. 3C , lane 8). No binding was detected between the GTFs and RNAPII to the HomolD box when Rrn7 was not present indicating that the recruitment of RNAPII and the GTFs to the HomolD box is dependent upon the binding of Rrn7 to the HomolD box (Fig. 3C , lane 11). Moreover, none of these complexes was formed on a labeled probe containing a mutated HomolD box ( Fig. 3D ) indicating that the binding of Rrn7 and formation of higher order complexes is completely dependent on an intact HomolD box. We have noticed a slower migrating complex, upon addition of TFIIF and RNAPII, to the TBP-TFIIB-Rrn7-HomolD box complex. Based on the mobility position of that complex, it seems to be that it is the product of the binding of Rrn7 to the HomolD box. In these series of experiments, we had to use high amounts of labeled probe for these EMSAs, since Rrn7 has a rather low affinity for the HomolD box (Ka in the nM range). In these series of experiments, we also used the 12-subunit core RNAPII instead of RNAPII holoenzyme since the complexes formed with RNAPII holoenzyme were not resolved by the gel (data not shown). However, the RNAPII core enzyme was competent for transcription initiation as shown in the transcription assays (Fig. 5A,C) .
The rRNA promoter, which is transcribed by RNAPI, is also able to bind Rrn7; therefore, we decided to investigate whether the TBP-TFIIB-Rrn7 complex can be formed on this promoter. Rrn7 binds to the rRNA promoter but the ternary complex is not formed (Fig. 2C ), indicating that TFIIB can only form complexes in the context of RNAPII promoters.
After binding of Rrn7 to the promoter DNA, the formation of each new complex must be the result of the recruitment of the GTFs and RNAPII to Rrn7, since we used purified recombinant transcription factors and affinity purified core RNAPII ( [20] , see also Fig. 3H ). To further confirm the identity of the complexes, we used specific antibodies against each factor and RNAPII in the binding reactions. The results presented in Fig. 3E show that antibodies against TBP (lanes 4-6) or TFIIB (lanes 9-11) strongly inhibit the formation of the TBP-TFIIB-Rrn7-HomolD box complex. These results indicate that the formation of this complex is dependent on TBP and TFIIB. Antibodies against the CTD of the largest subunit of RNAPII are able to inhibit the proper formation of the TBP-TFIIB-RNAPII-TFIIF-Rrn7-HomolD box complex (Fig. 3F,  lanes 4-6) . Likewise, antibodies against TFIIE and TFIIF are able to inhibit the proper formation of the TBP-TFIIB-RNAPII-TFIIF-TFIIE-Rrn7-HomolD box complex (Fig. 3G) . However, neither antibodies against TFIIF nor TFIIE are able to inhibit the formation of the TBP-TFIIB-Rrn7-HomolD box complex, indicating that the antibodies are specific for those factors (Fig. 3G, lanes 12 and 13) . We noticed that antibodies against the small subunit of TFIIF were not able to inhibit the TBP-TFIIB-RNAPII-TFIIF-Rrn7-HomolD box complex; perhaps the small subunit of TFIIF in the complex is not accessible for the antibodies.
The protein factors used in those experiments were essentially pure, as judged by SDS/PAGE followed by silver staining. The result of the analysis of those transcription factors and RNAPII can be visualized in Fig. 3H (see also reference [20] ).
Taken together, these results indicate that components of the RNAPII machinery can form in vitro a PIC on HomolD box-containing promoters, suggesting an ordered stepwise assembly as follows: Rrn7 ? TBP/TFIIB ? RNAPII/TFIIF ? TFIIE.
The RNAPII machinery is present in HomolD box promoter regions in vivo
To determine whether the complex described above forms on the HomolD box in vivo, we performed ChIP assays. Actively growing fission yeast cells were treated with formaldehyde and the chromatin was extracted from a wild-type S. pombe strain and immunoprecipitated using purified pAbs against each GTF or a mAb against RNAPII CTD of the largest subunit (Rbp1, YSPTSPS repeats). The DNA corresponding to the promoter region of rpK5 was amplified by PCR using specific primers ( Table 1) . As an internal negative control, we used primers that amplify a segment in the exon of actin ( Table 1 ). The amplified region of the rpk5 promoter contained the HomolD box, the transcription start site (TSS), and the first 11 amino acids of the protein coding sequence. As a positive control, we used primers corresponding to a region of the core promoter of the nmt1 gene, which is also transcribed by RNAPII; this amplicon contained a TATA box ( Table 1) . As predicted, and in concordance with the previous results, both TFIIB and TBP were crosslinked to the HomolD box promoter region and immunoprecipitated as can be seen in Fig. 4 (black columns-HomolD box). The other GTFs TFIIE, TFIIF and TFIIH, were also detected (Fig. 4 , black columns-HomolD box). As expected, we obtained the TATA-containing nmt1 promoter when chromatin was immunoprecipitated with antibodies against each GTF and RNAPII and amplified with specific primers (Fig. 4 , light gray columns -TATA box). We also included the rDNA promoter in this analysis and tested whether TBP, TFIIB and TFIIH were present. We found that TBP and TFIIH were present, but TFIIB was not (Fig. 4 , dark gray columns-rDNA). This result is in agreement with the observation that TFIIB cannot bind to the rDNA promoter in vitro (Fig. 2C) . TFIIH was found on the rpK5, the nmt1 and the rDNA promoter (Fig. 4) . This finding appears to be unexpected since TFIIH is a RNAPII GTF. However, it has been shown that TFIIH is required for transcription by RNAPI in mammals and budding yeast [21, 22] . Therefore, it is highly probable that TFIIH is also involved in transcription of RNAPI promoters in fission yeast. We also investigated whether RNAPII is present in vivo at the HomolD box promoter. As shown in Fig. 4 , an anti-CTD monoclonal antibody of RNAPII immunoprecipitated both the nmt1 and rpK5 promoter regions. This confirms the presence of RNAPII in the TATA box as well as in the HomolD box promoter region in vivo.
The Mediator complex, another key component of RNAPII-directed transcription, works mainly as a coactivator and bridges the RNAPII transcription components and the transcriptional activators. Since Rrn7 was able to interact in vitro with the RNAPII holoenzyme through the Mediator complex, we investigated whether this complex was also found on HomolD box-containing promoters in vivo. To this end, we performed a ChIP assay using antibodies against the Med17 protein, a core Mediator subunit. The immunoprecipitated DNA yielded positive amplification of both the rpK5 and nmt1 promoters, demonstrating that Med17 and most likely the entire multisubunit complex, is present in the HomolD box promoter region (Fig. 4, black and light gray columns,  IP Med17) .
Together, the results of these experiments confirm that RNAPII and its GTFs (TBP, TFIIA, TFIIB, TFIIE, TFIIF and TFIIH), together with Rrn7, are part of the PIC formed on the HomolD box in vivo. In addition, the Mediator complex also appears to be present in these promoter regions.
The RNAPII apparatus is required for in vitro transcription of HomolD box-containing promoters
Previous studies suggested that TFIIB, TFIID, TFIIE, TFIIF and TFIIH were needed for in vitro RNAPIIdependent transcription of HomolD box promoters in S. pombe [13] . However, those experiments were conducted in WCE by depleting the extracts of the GTFs using the appropriate antibodies and then reconstituting the transcriptional system by adding back the depleted factors. Therefore, we decided now to reconstitute an in vitro transcription system (RS) using recombinant Rrn7 and the recombinant GTFs (TBP, TFIIA, TFIIB, TFIIE and TFIIF) and purified TFIIH with RNAPII core enzyme. As template, we used the rpK5 (HomolD box-containing) promoter and the Ad-MLP (TATA-box and Inr-containing) promoter fused to the G-minus cassette [13] . We compared the results with those obtained from in vitro transcription assays using WCE. Figure 5A shows that the RS worked properly. It successfully transcribed the TATA-box Inr+ promoter (Fig. 5A , lane TATA Inr + Rec. System). Transcription levels of the RS are comparable with the system using WCE (Fig. 5B , lane TATA Inr + WCE), indicating that RNAPII core enzyme and the GTFs are fully active in transcription initiation in the RS. The RS also transcribed the HomolD box-containing promoter (Fig. 5A , lane HomolD Rec. System). The omission of single factors, such as TBP, TFIIB, TFIIE, TFIIF or RNAPII core enzyme, results in no detectable transcription from the HomolD template (Fig. 5C lanes TBP, TFIIB, RNAPII, TFIIF and TFIIE). TFIIH is not required for transcription from this promoter, Fig. 4 . RNAPII and GTFs are present on the HomolD box promoter region in vivo. ChIP assays were performed using cross-linked and sonicated S. pombe wild-type chromatin immunoprecipitated with the indicated antibodies against GTFs (TBP, TFIIB, TFIIE, TFIIF and TFIIH), Med17, or RNAPII CTD YSPTSPS repeats. Purified DNA was analyzed via qPCR and end-point PCR, using primers for promoter regions of rpK5 (HomolD box-containing), nmt1 (TATA box-containing) and the rDNA promoter (Table 1) . Data representative of three independent experiments (n = 3) were normalized against the input values. Results are expressed as mean AE SD. Significance was determined using a two way ANOVA. Negative control (À) was performed by incubating the chromatin with protein A-agarose beads with anti-GST.
perhaps due to the fact that a highly supercoiled template was used (Fig. 5C , lane RS -TFIIH). On the other hand and as expected, replacement of TBP with TFIID (TBP + TAFs) also supports transcription, as did replacement of RNAPII core enzyme with RNAPII holoenzyme (Fig. 5C , lane RS + TFIID + holoRNAPII). Transcription levels do not increase when TBP and RNAPII core enzyme are replaced by TFIID and RNAPII holoenzyme. This indicates that under these conditions neither TAFs nor Mediator can stimulate the transcription levels from the HomolD box-containing promoter (Fig. 5C,D , column RS + TFIID + holoRNAPII). The HomolD box-containing promoter reached only approximately 20-30% of the transcription activity observed in WCE (Fig. 5A,B) . A missing coactivator, distinct from TAFs and Mediator, in the reconstituted assay might explain this fact. One candidate is PC4 (Sub1). Its participation in Two transcription systems were used for the assays: WCE and the RS using recombinant GTFs TFIIA, TBP, TFIIB, TFIIE, TFIIF, TFIIH and Rrn7 and purified RNAP II core enzyme (Rec. System, RS). The amount of cpm obtained after counting are shown below each lane. (B) Densitometric analysis of (A). Data (n = 3) were normalized against the value obtained using the WCE for transcription of the TATA boxcontaining promoter and are expressed as mean AE SD. Data were analyzed using the two way ANOVA test and *P < 0.05 (P = 0.0315 between TATA-box and HomolD box and P = 0.0275 between the two groups of HomolD box). (C) In vitro transcription assay using the HomolD box-containing DNA template and the RS. Factors and RNAPII were added or omitted to the reaction mix as indicated by + or À, respectively. Lane labeled -contains all the GTFs and RNAPII but Rrn7 was not added to the reaction. Those lanes labeled TBP, TFIIB, RNAPII, TFIIF and TFIIE indicates that the designated factor was omitted from the reaction. In one reaction 25 ng of PC4 was added (lane labeled RS+PC4). Each band of transcript was cut from the gel and counted as described in Experimental procedures and the amount of cpm are indicated at the bottom of the figure. (D) Densitometric analysis of (C). Data (n = 3) were normalized against the value of the level of transcription obtained with the RS in which Rrn7, RNAPII core enzyme and all the GTFs were present. Data are presented as mean AE SD.
transcription (activator-dependent and activator-independent) has been described [23] [24] [25] . This coactivator, together with the Mediator complex and the RNAPII apparatus is required for efficient transcriptional activity in a promoter containing both a TATA box and an activator binding site (24, see Discussion). The addition of recombinant coactivator PC4 to the RS subtly increased transcription of the HomolD box-containing promoter, suggesting that PC4 could be involved in the process of transcription from HomolD boxcontaining promoters (Fig. 5C , lane RS + PC4). This stimulation is 10-15% over the control (Fig. 5D , column RS + PC4). Higher amounts of PC4 do not further increase the level of transcription, suggesting that an additional cofactor might be required to achieve higher levels of transcription with RS. RNAPII alone or single GTFs did not produce any transcription products. Most importantly, when Rrn7 is not added to the reaction containing RNAPII and the GTFs, transcription does not take place, indicating that Rrn7 nucleates the PIC on the HomolD box-containing promoters (Fig. 5C , lane À). These observations corroborate results obtained previously in WCE, confirming that the RNAPII system is needed for transcription of HomolD box-containing promoters. However, additional factors might play a role in regulating the levels of transcription. The work described above provides the framework to get a fully reconstituted transcription assay by supplementing it with coactivators purified from WCE.
The Mediator complex is necessary for transcription of the rpK5 promoter in WCE Since Rrn7 interacted with the RNAPII holoenzyme in vitro (Fig. 1) and Med17 is found on the HomolD box-containing promoter rpK5 in vivo (Fig. 4) , it is possible that Mediator is required for transcription of the rpK5 promoter in WCE. For further investigations, we prepared a transcription competent cell extract from a Med7-TAP tagged strain of fission yeast. Med7 is another core subunit of the Mediator complex and the gene encoding this protein is essential for cell growth [26] . The cell extract was passed onto an IgGSepharose column to bind Med7-TAP and all other Mediator and RNAPII components associated to it. The WCE depleted of Med7 as described was checked first for the presence of Med7-TAP, Med17 and the largest subunit of RNAPII and then assayed for transcription of the rpK5 and the Ad-MLP promoter. As shown in Fig. 6A , WCE extracts passed once through the IgG-Sepharose column reduced the capability to transcribe the HomolD and the TATA-box promoter considerably (Fig. 6A , lanes TAP Pass1). When the WCE is passed through the column a second time, the transcription activity was completely abolished (Fig. 6A , lanes TAP Pass2). However, when purified RNAPII holoenzyme was added, transcriptional activity was recovered (Fig. 6A , lanes TAP Pass2 + Med). This was not the case when the core RNAPII enzyme was added (Fig. 6A, lanes TAP Pass2 + RNAPII) . The transcription activity of Med7-TAP depleted cell extract cannot be recovered by the addition of 25-fold excess of recombinant TFIIB (data not shown). In HeLa cell nuclear extract, this amount of TFIIB has been demonstrated to bypass the Mediator requirement for transcription [27] . Figure 6B shows by western blotting and using antibodies against Med7-TAP, Med17 and RNAPII that after passing the column a second time, the extract does not contain detectable amounts of Med7 or Med17. However, the amount of the largest subunit of RNAPII remained constant in both the control and the depleted extract. This indicates that the IgG-Sepharose column mainly depletes the Mediator complex of the Med7-TAP tagged WCE (Fig. 6B ).
Med17 and RNAPII are found on HomolE + HomolD promoters in vivo
The HomolE box is another conserved element found in some S. pombe RPG and other promoters [15] . However, in contrast to the HomolD box, HomolE is unable to direct transcription, but acts as an UAS in a HomolD box-containing promoter. It is not known which factor binds the HomolE box and how it is involved in activating transcription. Supposedly, the RNAPII system transcribes the promoters containing HomolE + HomolD. Therefore, we decided to investigate whether the components TBP, TFIIB, TFIIE, TFIIF, TFIIH and RNAPII, and Mediator are also present in promoters containing the HomolE box. Therefore, we performed ChIP assays using antibodies against the GTFs, the RNAP II largest subunit and the Med17 to immunoprecipitate chromatin and amplified the DNA of the promoter region of the rpl11-1 (SPAC26A3.07) and rpl17-1 (SPBC2F12.04) RPGs using the primers shown in Table 1 . Both promoters contain a HomolE and a HomolD box. As shown in Fig. 7 , all GTFs and RNAPII that interact with the HomolD and the TATA-box promoter also interacted with the rpl11-1 and the rpl17-1 gene promoters. In addition, both promoters also interacted with Med17 (Fig. 7 , column IP Med17). These findings suggest that the RNAPII system is involved in the transcription of HomolD and HomolE + HomolD box-containing promoters. Also, this suggest that the Mediator complex is involved in both basal and activated transcription from HomolD and from HomolE + HomolD box-containing promoters. It is possible that in this promoter type the Mediator complex interacts with the HomolE box binding protein as well as with the RNAPII transcription machinery to activate transcription.
Discussion
In this study, we identified the members of the PIC that forms on the HomolD box. We have defined the order in which Rrn7, GTFs and RNAPII are assembled on these promoters. We also have shown the requirement of these components for in vitro transcription using a RS. The pathway of PIC formation on HomolD box-containing promoters is very similar to the pathway of complex formation on TATA boxcontaining promoters. However, complex formation on the HomolD box requires first Rrn7 association, then TBP and TFIIB bind together to this complex (Fig. 2B) . TBP also can bind complexed with TFIIA (Fig. 3A) . The recruitment of TBP-TFIIB must be one of the key steps on the formation of the PIC in those promoters, since it allows the recruitment of the rest of the components of the transcription system. After association of TBP and TFIIB to the Rrn7-HomolD Fig. 7 . Mediator and the RNAPII transcription system are present in HomolE + HomolD box-promoters in vivo. ChIP assays were performed using cross-linked and sonicated chromatin immunoprecipitated with antibodies against TBP, TFIIB, TFIIE, TFIIF, TFIIH, Med17 and RNAPII CTD YSPTSPS repeats. Purified DNA was analyzed via qPCR and end-point PCR, using primers for promoter regions of rpl11-1 and rpl17-1 (HomolE+HomolD box), rpK5 (HomolD box) and nmt1 (TATA box). The data shown are representations of three independent experiments (n = 3), and were normalized against the input values and are expressed as mean AE SD. Negative control (À) was performed by incubating the chromatin with protein A-agarose beads and anti-GST antibodies.
box, RNAPII-TFIIF enters the complex competent for transcription initiation (Fig. 5A,C) . TBP and TFIIB appear to be recruited to the Rrn7-HomolD box complex through direct protein-protein interactions with Rrn7, since these factors show strong interactions with Rrn7 both in vitro and in cell extracts (Fig. 1) . These factors are also found on the promoter region of HomolD box-containing promoters in vivo (Fig. 4) . Even though we did not detect a direct interaction between TFIIF and Rrn7, this factor still formed a high molecular weight complex with the TBP-TFIIBRrn7-HomolD box complex, but only in the presence of RNAPII (Fig. 3A,B) . In addition, TFIIF and RNAPII can be detected on a HomolD box-containing promoter region in vivo (Figs 4 and 7) . Together, these observations suggest that TFIIF and RNAPII are members of the PIC formed on the HomolD box. We did not detect interactions between TFIIF and Rrn7, most likely because TFIIF is recruited to the PIC as part of the RNAPII-TFIIF complex via a direct interaction between RNAP II with TFIIB as it is recruited to TATA box-containing promoters [3] . TFIIE also enters the TBP-TFIIB-TFIIF-RNAPII-Rrn7-HomolD complex via interactions with RNAPII and TFIIF as it does on TATA-containing promoters [3] . This PIC is able to initiate transcription when the four ribonucleotides are added (Fig. 5A,C) . Moreover, TFIIE is found on HomolD-containing promoters in vivo (Figs 4 and 7) . Even though TFIIH was not required for transcription in the RS, it is absolutely required for transcription of HomolD box-containing promoters in WCE [13] . Perhaps, this is due to the fact that in the RS a highly supercoiled template was used and it is known that TFIIH is not required under those conditions in RSs from fission yeast [25, 26] . In agreement with the results obtained with WCE, TFIIH was present in the promoter region that contained a HomolD box in vivo (Figs 4 and 7) . In conclusion, the minimal set of GTFs and RNAPII that can support transcription initiation in HomolD box-containing promoters are Rrn7, TBP, TFIIA, TFIIB, TFIIE, TFIIF and RNAPII core enzyme.
Although, the RS supports transcription levels, which are 20-30% of those observed in WCE, it is obvious that some factors or cofactors are missing. A modest stimulation of 10-15% was seen when the coactivator PC4 (Sub1), a transcriptional coactivator present in human and yeast cells [25, 28, 29] was added to the mix (Fig. 5C,D) . This suggested that PC4 could play a role in this process. This coactivator is able to stimulate transcription from TATA-containing and TATA-less promoters in S. pombe WCE and the stimulation seems to be dependent on TFIIA and Mediator [25] . We have added TFIIA, Mediator and PC4 to the reconstituted transcription mixes, however, we have not seen further stimulation of the transcription level in HomolD-containing promoters (Edio's Maldonado Laboratory, unpublished data). Thus, additional factors present in the WCE might be necessary to reconstitute full transcription from HomolD promoters.
The Mediator complex appears not to be essential for transcription of HomolD promoters when the RS was used (Fig. 5A,C) . This was also found for TATA-box promoters in fission and budding yeast [25, 26, 30] . However, there are three strong points that Mediator is involved in the transcription of HomolD box-containing promoters. First, Mediator complex interacted with Rrn7 in vitro; second, the Med17 subunit can be cross-linked to HomolD boxcontaining promoters in vivo; and third, Mediator is required for transcription in vitro in WCE (Figs 1, 4 and 6).
The role of the Mediator complex in activatordependent transcription is well established in TATAbox promoters where it serves as a bridge between DNA-bound activator, RNAPII and GTFs to facilitate formation and/or function of the PIC [31] . In the absence of an activator in crude cell extracts, Mediator is also involved in transcription in vitro [23, 32, 33] . Indeed, depletion of Mediator from the WCE from fission yeast abolished completely the ability to transcribe TATA-containing and HomolD box-containing promoters (Fig. 6) . These results are in good agreement with those obtained in budding yeast and human nuclear extracts [22, 32, 33] .
How Mediator is required for transcription in WCEs is still unknown. It has been demonstrated that in human extract Mediator facilitates the recruitment of TFIIB to the PIC [27] . In fission yeast, excess of TFIIB cannot substitute for Mediator indicating that this complex may act in another step of PIC formation.
We think that Mediator, in conjunction with other cofactors might be required to reconstitute full levels of transcription in vitro from the TATA-less HomolD box promoter. We have also found that the subunit Med17 of the Mediator complex was present in promoter regions of TATA box-and HomolD boxcontaining promoters in vivo, suggesting that parts or even the whole complex could be involved in transcription in vivo (Figs 4 and 7) . Interestingly, the Mediator complex has been found in the promoter regions of several genes in fission yeast. A temperature-sensitive mutation in med17 downregulated about 11% of the total genes when cells were grown at the nonpermissive temperature. Thus, under this condition, some actively transcribed genes appear to be downregulated [34] . In budding yeast, it has been shown that temperature-sensititive mutations in med17 cause the shutdown of nearly all of RNAPII transcription when the cells were shifted to the restrictive temperature [35] . This indicates that Mediator is essential for transcription in vivo. We also found that the Med17 subunit was present in the promoter regions of genes that had HomolD and HomolE boxes (Fig. 7) . These results suggest that the Mediator complex acts also as a coactivator in HomolE box-dependent activation of HomolD box-containing genes; however, more research is required to determine whether this is true. Identification of the HomolE box binding protein and its mechanism of action as well as the study of the participation of Mediator complex in transcription are important topics for future studies of HomolE+Ho-molD box-containing promoters.
We have not seen a requirement for TAFs in our transcription system from fission yeast. ChIP experiments designed to detect Taf1 and Taf5 on the rpK5 promoter region have failed (Edio's Maldonado Laboratory, unpublished data). It is possible that in fission yeast TBP alone is sufficient, particularly, to direct the RNAPII transcription of the RPG promoters. In fact, more than 60% of the cellular TBP is found devoid of TAFs (Edio's Maldonado Laboratory, unpublished results). On any account, transcription activation in fission yeast does not require TAFs, instead, this process is dependent on TFIIA and Mediator [25] . Moreover, TBP was first purified from budding yeast as free TBP [36] , unlike TBP from Drosophila and mammals, where all the TBP was found in a complex with TAFs [37] . Perhaps in fungi, transcription is less dependent on TAFs than in metazoan cells. However, to define the role of TAFs in fission yeast biochemical and genome-wide TAF binding studies are lacking. In human, nuclear extracts TAFs and Mediator can act cooperatively in transcription [23] and cooperatively in activator-dependent PIC assembly has also been reported [38] .
It is interesting to compare this PIC assembly with PIC assembly of other TATA-less promoters, for example, XCPE1 and XCPE2, found in the hepatitis B virus X gene [39, 40] . Transcription from these promoters requires at least TFIIB, TFIID, RNAPII and the Med26-containing complex. The participation of the Mediator complex in XCPE1 and XCPE2-containing promoters is probably physiologically relevant, because the depletion of Mediator, using antibodies against the Med26 core subunit, abolish transcription of the XCPE1 and XCPE2-containing promoters [39, 40] .
However, when TAFs are depleted from the extract, transcription activity of these promoters is not affected. But, when TBP is depleted, transcription activity is severely reduced and it can be recovered by adding back free TBP or TFIID [39, 40] . These results suggest that TAFs might not be required for transcription in some promoters and it is likely that the transcriptional mechanism is TFIID-independent.
Another natural TATA-less promoter is the human b-pol promoter, which contains an Inr encompassing the transcription initiation site [41] . This cis-element is absolutely required for transcription initiation of this promoter [41] . TBP, TFIIB, TFIIF and RNAPII core enzyme can form a stable complex on this promoter, and additionally TFIIE and TFIIH are required for transcription to occur, although fulllength transcripts were not obtained [41] . Similarly, we found that in HomolD box-containing promoters, the RNAPII core enzyme, Rrn7, TBP, TFIIA, TFIIB, TFIIE and TFIIF were required and sufficient for transcription initiation in a reconstituted transcription system. Furthermore, the b-pol promoter contains several upstream activator sites (Sp1 sites and CAAT boxes), which are not essential for transcription but improve the process when bound by their respective activator factors. This might be analogous to the function the HomolE box in HomolE + HomolD box-containing promoters.
It is also important to note that there is a striking resemblance of our system with the TRF2-based transcription system which is required for transcription from TCT-dependent RP gene promoters in Drosophila [42] . In this system, transcription is dependent on TRF2, which binds to the TCT motif which is present in all RP gene promoters and nucleates PIC formation. TRF2 can be cross-linked to this motif, although TBP is also found (as a weaker and broader peak) in that region. Moreover, TBP cannot replace TRF2-dependent transcription in a TRF2-depleted nuclear extract. However, since all these studies were carried out in crude cell extracts, the requirement of TBP cannot be ruled out because TBP was still present in the depleted extract. The determination of the requirement of TBP on TCT-dependent promoters awaits further investigation until a transcription system from these promotes could be reconstituted with purified RNAPII and recombinant transcription factors.
Our findings regarding transcription from HomolD box promoters are summarized in Fig. 8 and show the deduced PIC assembly pathway and the requirement of transcription factors. Thus, the findings presented here advance our knowledge of TATA-less promoters and will help to unravel in long-term the complete story of PIC formation and transcription initiation from these promoters.
Experimental procedures
Purification of Rrn7, GTFs and RNAP II Protein purification was performed as previously described [20] . For example, the RNAPII core enzyme was purified from an S. pombe wild-type strain and the RNAPII holoenzyme was purified from an S. pombe TAP-Med7 strain by incubating cell extracts with IgG-Sepharose beads and eluting bound proteins by treatment with TEV protease. The purification procedure indicated that the holoenzyme consisted of a preformed complex of RNAPII, TFIIF and Mediator complex [20] . TFIIH was also purified as described before [20] . Fig. 8 . PIC establishment on HomolD. Diagram summarizing our results from this study and previously published data. The first step in the formation of the complex is the binding of Rrn7 to the HomolD box. Next, Rrn7 is recognized and bound by TBP either in a complex with TFIIA and/or TFIIB, followed by the binding of the RNAP II-TFIIF complex, which in turn allows the recruitment of TFIIE to the complex. Protein-protein interactions between TBP, TFIIA and TFIIB are well documented. The participation of the Mediator complex, either as a separate protein complex or associated to RNAPII (holoenzyme), remains unclear, but our results suggest that Mediator may participate in transcription initiation from HomolD box-containing promoters and also when a HomolE box is present. Similarly, the coactivator PC4 could stimulate transcription of HomolD box-containing promoters. A missing factor(s) could stimulate transcription from HomolD box-containing promoters (Unknown Factor). TFIIH could be incorporated to the complex after the recruitment of TFIIE.
previously [13] . Regions of the gel that showed transcript bands were cut from the gel, allowed to swell in 500 lL of 0.1 M NaOH for 10 min, mixed with liquid scintillation mixture and counted to quantify the transcription activity. Also, the gels were analyzed by autoradiography and quantitated using the IMAGEJ software version 1.49 (NIH, Bethesda, MD, USA).
ChIP
Chromatin was isolated from a S. pombe wild-type strain as described previously [13, 18] . A quantity of 50 lL of protein A-agarose (Roche) beads, used as the resin, were blocked with 1 mL of blocking solution (0.1% BSA in TE buffer) overnight at 4°C. In parallel, 500 lL of extracted chromatin was incubated with 2 lg of mAb against the RNAPII CTD repeat YSPTSPS (SWG16, Abcam) or 2 lg of previously purified anti-TFIIHp62, anti-TFIIFb, anti-TFIIEb, anti-TFIIB, anti-TBP or anti-Med17 pAb overnight at 4°C. The blocked resin was mixed with 500 lL of antibody-treated chromatin and the mixture was incubated for 3 h at 4°C. Next, the resin was washed twice with 1 mL of TSE 150 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8.1], and 150 mM NaCl), 1 mL of TSE 500 (same as TSE 150 but with 500 mM NaCl), 1 mL of lithium/detergent (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 0.01% Sarkosyl, 1 mM EDTA, and 10 mM Tris/HCl [pH 8.1]) and twice with 1 mL of TE. The chromatin was eluted with 1% SDS/0.1 M NaHCO 3 and incubated at 65°C overnight to reverse crosslinks. The resultant DNA was treated with proteinase K (Roche), purified using the QIAquick PCR Purification Kit 250 (Qiagen), and analyzed by end-point PCR and qPCR using Paq5000 DNA polymerase (Agilent Technologies, Santa Clara, CA, USA) and SensiMix SYBR Hi-ROX Kit (Bioline, London, UK). The experiments for every protein factor were performed in triplicate. The obtained PCR products were analyzed on 2% agarose or 10% polyacrylamide gels. As an internal negative control, the immunoprecipitated DNA was amplified using primers for part of the actin ORF. The nmt1 promoter was used as a positive control for a gene that contains the TATA box in its promoter region.
